Introduction
Currently, remote sensing technology is widely used. The new remote sensing technology requires the modern and specific accuracy of measurement and calibration [1] [2] [3] [4] [5] [6] . In known literature, it could be found different type of problems related to the precision of the mechatronical systems, which are designed for the angle measurements [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The maximum stiffness of the construction must be applied or at least pursued in the design of precision systems. Also "Open" shell structures and structural elements loaded by bending strains should be avoided. Thus, it is necessary for the underlying principles ensuring. However, this is not always easy because inevitably a compromise must be found, balancing initial cost, functionality of the mechanical system, stiffness of the structural elements, dimensions, etc.
Angle comparators are designed to perform precise and even ultra-precise measurements. Because of a highly precision the angle comparator must be properly isolated from floor vibrations. The passive vibration isolation does not consume electricity and is cost effective [12] [13] [14] . However, the main problem is to minimize residual vibrations, which are caused by a soft flexible mounting support with the passive vibration isolators. This flexible mounting support has a fundamental natural frequency. In most cases, the residual vibration isolation equipment gets a low frequency of vibrations due to internal and external excitation, with most occurring excitation is caused by moving parts of the machine [13, 14, 16] . Residual vibration must be minimized, since it reduces the final precision of the angle comparator a control theoretic framework for optimally locating passive vibration isolators need to minimize residual vibration].
This paper presents measuring methodology of a simulation of dynamics as well as its characteristics for the precise angle measurement mechanisms. The physical experiments were prepared in order to test dynamic model and to analyse the hinge type mechanism.
It is presented multibody mechanisms, which have hinges as well as clearance space. In order to investigate characteristics of dynamics, numerical methods were implemented. Clearance space in mechanisms is inevitable for meeting the errors during production and wear of mechanical components. Moreover, clearance space can be in each hinges connector during the motion of mechanism.
The motion of real mechanism is different in comparison with idealistic (theoretical) mechanism, while the precision of motion is decreasing due to increase of clearance space of a hinges connection. Clearance space in hinge connections is a reason of the impacts at dynamic loads, which cause load transfer in a system. Thus, the mechanism may be damaged. The clearance space has the influence of the respond time of a system (dynamic response) and because of this it causes the difference between the theoretical and real model measurements and motion [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . The main aim of the research is to determine (by experiment) the dynamic characteristics of multibody mechanical systems of the angle comparator carriage on which optical system is attached to it and to compare the experiment with the results obtained by theoretical calculations.
Object of research and measurement equipment
The object of investigation is JSC "Precizika Metrology" developed angle measurement comparator ( Fig. 1, a) with vibrant-stable base, which is made of massive grey fine-grained granite brick. Here is the additionally installed system in order to compare the angle. This system contains precise aero-static spindle, gear and angle measurement mechanisms. The spindle is connected with the centering and the flattening table in order to calibrate and mounting the limb.
On the granite base through rigid supports mounted on rigid granite straight motion guides for which with aerostatic supporting bearings are programmatically controlled actuator biases and the carriage (material steel 45) is fixed on the set point position. While on carriage is mounted limb scale position detecting device.
The spindle rotates the worm-gear trough, while the worm-gear is an axial direction supported by the aerostatic bearing, and the radial direction is supported by the roll bearings. These aero-static and rolling bearings are installed in subassemblies of their positioning. Radial and axial forces acting on these bearings are decreased by the elastic element connection of spindle and worm wheel. It produces the pure drive torque, which is done by a motor to the spindle and transmitted via the worm wheel and reducer. Alternatively, the spindle can be rotated manually, so in this case the reducer will be disconnected.
The calibration procedure is controlled, the data of the calibration results are stored, collected, processed and presented automatically into computing -management complex. This complex consists of computer, controllers and other equipment, and equipped with software that supports the mathematical calculations. The processes of angle sensor calibration procedure, take place at the resonance frequencies should be avoided.
The following measurement equipment (Fig. 1, b ) was used for modal analysis of an exploratory system with triaxial accelerometer 4506 (Frequency range 0.6 -3000 Hz; Sensitivity 100 mV/g) (Fig. 1, c) . During the experiment, sensors have been selected assessing similar research experience. 
Modelling of mechanical system of angle comparator
Angle measurement comparator carriage modal analysis was performed with the SolidWorks program. Material influence on the carriage elastic vibrations was investigated. Here the analysis was performed for freely selected steel 45 and stainless steel AISI 304 materials. The aim of the simulation (with improved material of carriage) is to find out how dynamic characteristics are changing.
Mesh information show in Table 1 . The comparison of two different type material carriages oscillation and deformation using dangerous excitation frequency is shown in Table 2 . Model of the angle comparator carriage. The behaviour of any elastic object interacting with dynamic forces can be specified by the dynamic equilibrium equation [13] : 
The non-zero periodic solutions of this equation have the form:
After differentiation the equilibrium equation is expressed as:
By solving this eigenvalue problem the eigenfrequencies ωi and the eigenmodes {δi} are obtained, here i = 1, 2, …, n and n is the number of degrees of freedom of the structure. The eigenvectors are stored in a matrix:
The scale of the eigenmodes is chosen so that the foolowing condition is satisfied:
Then the conditions of orthogonality hold:
where [I] is the identity matrix. The motion is expressed by the linear combination of the eigenmodes:
where {z} is the vector of the coefficients of the eigenmodes z1, z2, …, zn.
Modal equations have the form:
where the modal damping ci is expressed as: The results of the simulation show that in the carriage occur elastic deformations, which give negative side effect on the precision of calibration. It causes uncontrolled additional movement of device, which detects the position raster elements. Looking from the precision point of view in our case the most dangerous is the first mode.
The carriage motion shape using the first mode frequency leads to angle measurement comparator carriage parts displacements at X and Y directions. The displacement at X direction is perpendicular to the axis of raster elements. Due to this displacement, resulting stochastic calibration error maximum value is equal to the maximum amount of displacement.
Other dangerous mode shapes are 3 and 4 of the resonant frequency. With these frequencies carriage construction deforms in a local place, where the line detection microscope is mounted. Moreover, this local deformation directly affects the measurement precision. The simulation results show that material characteristics did not have any significant effect on elastic deformations of vibrating carriage. The manner of carriages does not change, while the difference between the frequencies of the modes is less than 5 %.
Accomplished simulation of carriage using different materials have shown that change of the resonant frequency is up to 5%. This change of dynamic characteristics is insignificant.
The experimental investigations
The experimental investigations consist of two parts: an experimental modal analysis and the relative vibration measurement of the microscope in accordance with rotating table. Relative vibrations show vibrations during the working regime, while modal analysis shows the carriage system modal parameters.
The Operational Modal Analysis (OMA) of an angle comparator carriage. Operational modal analysis is the process by which with experimental data can be determined the modal parameters (natural frequency, damping ratio and mode shape). Modal parameters are set in the selected frequency range (the interval). Mode shape structure (object) deflection, which represents a specific mode of relative displacement between the structure (object) parts.
It was comparator carriage operational modal analysis performed. It measured in the 36 points in three directions. The results of the operation modal analysis of the comparator carriage are shown in Fig. 2 After the experimental measurement of the angle comparator carriage modal analysis identified four modes shapes, its frequencies are 76 and 264 Hz (Fig. 2) . These modes correspond to the theoretical simulation ( Angle comparator carriage vibrations affect angle measurement accuracy. Since the CCD camera is attached to the carriage comparator angle, an angle measurement error is directly proportional to the CCD camera displacements.
Carriage vibrations at z-axis direction defocus optical system for measuring the position of the lines. This reduces calibration accuracy.
Carriage linear movement and deformations change the detecting system position in accordance with the limb. This has a direct effect on the measurement accuracy and the resulting position errors.
Carriage angular displacements and deformations change the angular position of the optical system in accordance with the limb. It has the same impact as previously mentioned linear displacements and deformations.
Conclusions
1. In order to get high-precision calibration of the angle and simulation of dynamic effects associated with the calibration error must be evaluated elastic deformation related to vibrations of environmental and internal sources.
2. Using the software package SolidWorks has tested sensitive to vibrations precision angle comparator compound carriage as deformable body and identify dangerous resonant frequencies and carriage deformation. These deformations increasing the angle of calibration error raster element position detection device displacements in accordance with the calibration object. Modal analysis was also taken into account construction weaknesses and reduction of deformations that leads to calibration errors.
3. Experimental modal analysis on angle comparator carriage has been completed in order to identify 2 modes: 76 and 264 Hz.
4. Basing on these relative displacements between the measuring system and the optical detection system calibration errors can be identified. Generally, these relative displacements lead to calibration errors.
5. In order to increase the accuracy of measurement of the angle comparator the elastic deformations must be evaluated. These elastic deformations occur when basic details vibrate in resonance frequencies.
